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Complex oxide heterostructures provide access to emergent functional and structural phases which are
not present in the bulk constituent materials. In this Rapid Communication, we focus on La0.67Sr0.33CoO3
(LSCO)/Gd heterostructures due to the high oxygen ion conductivity, as well as the coupled magnetic and
electronic properties of LSCO, which are strongly dependent on the oxygen stoichiometry. This combination
of properties enables the ionic control of the functional properties of LSCO thin films through the presence of
oxygen getter layers such as Gd. We utilize x-ray nanodiffraction to directly image the nanoscale morphology of
LSCO thin films as they are progressively transformed from the equilibrium perovskite phase to the metastable
brownmillerite (BM) phase with increasing Gd thickness. Our studies show the coexistence of perovskite and
BM phases with a critical oxygen vacancy concentration threshold which leads to the formation of extended BM
filaments. In addition to lateral phase separation, we observed phase separation within the film thickness possibly
due to pinning of the perovskite and BM phases by the substrate/LSCO and LSCO/Gd interface, respectively.
Our studies provide a nanoscale survey of the phase separation in the cobaltites and shed light on the formation
of the metastable BM phase.
DOI: 10.1103/PhysRevMaterials.3.082001
Perovskite oxides (ABO3) exhibit a wide array of tunable
functional properties which can be manipulated by tailoring
ionic distribution and stoichiometry. Numerous studies have
focused on understanding and controlling functionalities via
changing the A/B cation stoichiometry in the perovskite
structure [1–6]. Recently, there has been a growing interest
in utilizing anion stoichiometry [7–13] or substitution, i.e.,
the formation of oxyfluorides [14,15], to significantly alter
and tune the electronic, magnetic, and structural properties. In
addition, the presence of the closely related, oxygen-deficient
brownmillerite (BM) phase (ABO2.5) provides a rich phase
diagram with a wide range of functional properties, which are
highly sensitive to the oxygen stoichiometry and thus can be
tailored via ionic control. Specifically, structural parameters
such as BO6 octahedral bond distances and angles [8,16], as
well as electronic parameters such as cation valence states
[17,18] are sensitive to the local anion environment and can
be modified using epitaxial strain [19,20], external fields
[17,21,22] or ionic migration [23]. Large oxygen nonstoi-
chiometry has been demonstrated in SrCoO3−δ (BM phase),
and methods such as oxygen/vacuum anneals, ionic liquids,
or electrochemical differences in an electrochemical cell ge-
ometry have been utilized to control the oxygen stoichiometry
and manipulate functional properties [21,24]. Their highly
tunable ionic and electronic transport properties also make
them potential candidates for application in devices such as
solid oxide fuel cells, information storage, and computing
technologies including magnetoionic devices and memristors
[25,26].
The deposition of a strong oxygen getter on top of an
oxide thin film has recently emerged as a novel way to tailor
oxygen stoichiometry and nanoscale functional properties
[7,27,28]. For example, the presence of a strong oxygen
getter (e.g., Gd) led to the suppression of the magnetization
of La0.67Sr0.33CoO3 (LSCO)/Gd heterostructures throughout
the full film thickness (36 nm) [27]. In contrast, applying a
similar approach to material systems such as (Ni,Co)O/GdFe
heterostructures produced a thin (3 nm) layer of ferromagnetic
NiCo at the interface [29]. The resulting antiferromagnetic-
to-ferromagnetic conversion allowed control of exchange bias
at low magnetic fields. In both cases, this phenomenon was
associated with the oxidation of the getter layer during which
oxygen ions were extracted from the oxide underlayer. The
vertical extent of the reaction was postulated to depend on the
relative stabilities of the oxide and metal layers, as well as the
oxygen ion conductivity and the work function of the getter
layer. However, the role played by nanoscale morphology, i.e.,
phase separation, and defects in these oxide thin films and
heterostructures remains largely unknown. High-resolution
(scanning) transmission electron microscopy (STEM/TEM)
provides a direct method to access atomic lengthscales; how-
ever, it is restricted to extremely thin samples (<10 nm) and
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the sample preparation, as well as the imaging process itself,
can modify the nanoscale morphology and interfacial prop-
erties [30–32]. Thus, while the observation of ordered oxygen
vacancies in La1−xSrxCoO3 thin films in STEM images can be
explained as a means to alleviate epitaxial strain, nondestruc-
tive x-ray diffraction–based characterization of long-range
oxygen vacancy ordering is still lacking [13,20,33,34].
In this Rapid Communication, we present x-ray nano-
diffraction studies to investigate the nanoscale morphology
of cobaltite thin films with Gd getter layers. Our nano-
diffraction measurements provide an alternative structural
characterization method to STEM with nanometer spatial
resolution (∼25 nm) in a nondestructive manner to directly
image the nanoscale structure [35]. X-ray measurements were
performed by tuning to the Bragg reflections which are sen-
sitive to each of the structural rearrangements induced by
variations in oxygen stoichiometry of the LSCO film as the
Gd layer thickness increases. We observed phase separation of
the perovskite and oxygen-deficient BM phases in all samples
including the as-grown LSCO reference sample, although the
amount of BM phase varied dramatically. For the as-grown
sample, we observed a few 0.5–3 µm clusters of the BM
phase, while for the LSCO/Gd (0.5 nm) heterostructure, BM
clusters grew to lengthscales of 4 µm. Surprisingly, for the
LSCO/Gd (3 nm) heterostructure, we observed long filaments
in the range of 10–75 µm oriented at either ∼10◦ or ∼50−60◦
angles from the [100] direction. This result indicates that a
critical oxygen vacancy is required to form the BM filaments.
Furthermore, in addition to the lateral phase separation, a
vertical phase separation is present along the thickness of
the film, potentially due to pinning of the perovskite and
BM phases by the substrate/LSCO and LSCO/Gd interface,
respectively. These results not only advance our understand-
ing of nanoscale morphology in oxides, but also demonstrate
a powerful approach to investigate structural and electronic
properties at relevant length scales.
Epitaxial La0.67Sr0.33CoO3 (36 nm) thin films were
grown by pulsed laser deposition on (001)-oriented
(La0.18Sr0.82)(Al0.59Ta0.41)O3 (LSAT) substrates. The laser
energy density utilized for the deposition was 0.9 J/cm2
at a 1 Hz repetition rate. The samples were deposited at
700 ◦C with an oxygen pressure of 300 mTorr (40 Pa) and
then were slowly cooled to room temperature in 300 Torr
(4 × 104 Pa) oxygen pressure. Thin films of elemental Gd (0.5
and 3 nm)/Au (3 nm) were then deposited by sputtering at
room temperature in an Ar environment (5 mTorr or 0.67 Pa).
Due to the large negative heat of formation (Hf ) for GdOx,
the Gd layer spontaneously oxidized upon deposition [36],
with the LSCO film acting as the source of the oxygen
ions. In order to control the oxygen ion distribution in the
LSCO films, two different Gd getter layer thicknesses were
deposited (0.5 and 3 nm). The Au layer was deposited
before breaking vacuum to prevent oxygen exchange with the
ambient environment. Detailed characterization information
for these films can be found in Gilbert et al. [27].
X-ray nanodiffraction experiments were conducted at the
Hard X-ray Nanoprobe (26-ID-C) beamline of the Ad-
vanced Photon Source and Center for Nanoscale Materi-
als at Argonne National Laboratory [35,37–39]. Figure 1(a)
shows a schematic of the x-ray nanodiffraction experimental
FIG. 1. (a) Schematic of x-ray nanodiffraction experimental
setup: Fresnel zone plate focuses x rays down to a 25-nm spot size
and the diffracted x rays are collected by a two-dimensional PAD
detector. An order-sorting aperture and zone plate central stop are
used to block the zero-order x-ray beam. Nanodiffraction images are
recorded by scanning the sample. The diffraction pattern captured by
the CCD detector shows both (002)p and (008)bm Bragg reflections
for all LSCO/Gd heterostructures. (b) XRD patterns near the (002)p
Bragg reflection for the LSCO/Gd heterostructures and as-grown
reference LSCO sample collected using an unfocused x-ray beam.
geometry. The monochromatic (10.4 keV) incident x-ray
beam was focused by a Fresnel zone plate down to a 25-
nm spot size on the sample. The focusing led to an overall
effective beam divergence of 0.24◦. A zone plate center stop
and order-sorting aperture were used to remove all but the
first-order diffracted x-ray beam. As the zone plate center
stop blocks the central part of the x-ray beam, the resulting
first-order diffracted beam after the zone plate was hollow in
the middle. This first-order diffracted x-ray beam was utilized
to perform nanodiffraction measurements in a reflection ge-
ometry. The diffracted beam from the sample was acquired
using a Pixel Area Detector (PAD) detector located 70 cm
away from the sample with a pixel size of 55 μm. The sample
theta was tuned to access the out-of-plane (002)p Bragg
reflection for the perovskite phase and the (008)bm Bragg
reflection for the BM phase simultaneously, thus allowing
clear identification of both phases as shown in Fig. 1(a). Here
the subscripts p and bm refer to the Miller index notation
for the perovskite and BM structures, respectively, and will
be used throughout the Rapid Communication. Note that the
BM phase is composed of alternating layers of Co ions in
octahedral and tetrahedral coordination, resulting in a qua-
drupling of the unit cell in the c direction in comparison
to the parent perovskite phase [2,40]. Therefore, the BM
phase can be characterized in an x-ray diffraction (XRD)
experiment by a shift of the main film Bragg reflection to
lower 2θ values as well as the appearance of half order
reflections. Figure 1(b) shows the XRD patterns collected
for a macroscopic region near the (002)p Bragg reflection at
10.4 keV using an unfocused x-ray beam. The shift of main
film Bragg reflection to lower 2θ values in Fig. 1(b) and the
presence of half order reflections in Ref. [27] indicate that
both the BM and perovskite phases are present in LSCO/Gd
heterostructures. For the as-grown sample without any metal
capping, no shift in the Bragg peak was observed and half
order peaks were absent, indicating the presence of only
perovskite phase. The out-of-plane lattice parameters obtained
for the perovskite phase were 3.799 Å ± 0.002 Å for the as-
grown LSCO sample, and 3.802 Å ± 0.002 Å and 3.817 Å ±
0.002 Å for the LSCO/Gd (0.5 nm) and LSCO/Gd (3 nm)
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FIG. 2. Nanodiffraction maps for the LSCO/Gd (3 nm) het-
erostructure: (a) Nanodiffraction map of the integrated intensity of
the (002)p Bragg reflection for the LSCO/Gd (3 nm) heterostructure
showing phase separation into perovskite-rich regions (yellow/white)
and BM-rich regions (red/brown). The inset image is a zoomed-in
map of a section of the feature, showing the complex interface
between the two regions. (b) Diffraction pattern at a perovskite-rich
region which shows higher intensity of perovskite Bragg reflection
compared to the BM Bragg reflection. (c) Nanodiffraction map of the
same region, but with the integrated intensity of the (008)bm Bragg
reflection. The inset image is the zoomed-in map of the same region
as that of the inset in (a). (d) Diffraction pattern at a BM-rich region,
showing an increase in intensity of the BM Bragg reflection.
heterostructures, respectively, in agreement with literature
values [27]. Unless otherwise noted, all uncertainties repre-
sent ±1 standard deviation.
In order to generate high-resolution nanodiffraction maps,
the sample was raster scanned using hybrid optomechanical
nanopositioning stages [35], recording the diffraction image at
each step. The intensity of each pixel of the map represents the
integrated intensity on the PAD detector over the given Bragg
reflection for a particular sample position (see Supplemental
Material [41]). Figure 2(a) shows a nanodiffraction map for
the LSCO/Gd (3 nm) heterostructure tuned to the (002)p
Bragg condition. Perovskite-rich regions (yellow/white) are
evident by the measured diffraction pattern with higher in-
tensity for the (002)p reflection as shown in Fig. 2(b).
Figure 2(c) shows the same nanodiffraction map but with inte-
grated intensity for the (008)bm Bragg reflection. The reversal
of contrast compared to Fig. 2(a) indicates that perovskite-
deficient regions indeed consist of BM-rich regions. This fact
is also evident by the diffraction pattern shown in Fig. 2(d),
where an increase in intensity for the (008)bm Bragg reflection
is observed. A zoomed-in scan of the BM filament showing
the complex interface between the perovskite and BM phases
and the contrast reversal for the integrated intensity in the
same region are presented in the insets of Figs. 2(a) and
2(c). These images as well as multiple other nanodiffrac-
tion maps (not shown) measured on this sample are consis-
tent with sample-averaged XRD measurements, where Bragg
reflections from both perovskite and BM phase are observed
indicating that the film is not fully transformed to BM phase.
The measured nanodiffraction maps also reveal that even in
perovskite-rich regions further away from BM-rich areas, the
(008)bm reflection, albeit weak, is still present [Fig. 2(b)].
Similarly, in BM-rich areas, the (002)p reflection is always
observed, revealing that the phase separation exists not only
in the lateral direction but also along the film thickness.
The presence of both reflections in P- and BM-rich areas
was observed in all nanodiffraction scans as well as θ/2θ
scans (see Supplemental Material [41]). This indicates that
the perovskite phase never completely transforms into the BM
phase at any given location, and that some BM phase is likely
formed everywhere on the sample surface.
Figure 3 compares the nanodiffraction maps for the
LSCO/Gd heterostructures as well as the as-grown LSCO
reference sample. The LSCO/Gd (0.5 nm) heterostructure
shows the presence of BM regions with size ranging from
2 to 4 µm, while for the LSCO/Gd (3 nm) heterostructures,
long BM filaments in the range of 10–75 µm were observed
as shown in Figs. 3 and 4. For the LSCO/Gd (0.5 nm)
heterostructure, only one area showed filament formation and
the rest showed similar distribution as Fig. 3(b). In contrast
to sample-averaged XRD measurements in Fig. 1(b), even the
as-grown LSCO sample showed the presence of BM phase,
although the BM regions were fairly scattered across the sam-
ple with sizes ranging from 0.5 to 3 µm. These measurements
show that the LSCO/Gd (3 nm) heterostructure progressed the
furthest in the phase transformation with multiple regions of
BM-rich filaments compared to the other samples.
Figure 3(d) presents θ/2θ scans for the local perovskite-
and BM-rich areas for all three samples, measured at the
highlighted region in Figs. 3(a)–3(c). The BM phase in
the LSCO/Gd (3 nm) heterostructure was highly mosaic and
the lattice parameter varied from region to region as confirmed
by the shift of the (008)bm Bragg reflection between two
different areas [open symbols in Fig. 3(c)]. The variation in
the BM lattice parameter ranged from 15.374 Å ± 0.006 Å
to 15.358 Å ± 0.006 Å, a difference of 0.016 Å across
the sample (in comparison to a difference of 0.013 Å for
the perovskite phase within a given sample). Similarly,
for the LSCO/Gd (0.5 nm) heterostructure and as-grown
LSCO sample, lattice parameters of 15.351 Å ± 0.006 Å and
15.312 Å ± 0.006 Å were obtained for the BM phase resulting
in a sample to sample variation of 0.062 Å. In contrast,
the sample to sample variation obtained for the perovskite
phase is 0.018 Å. As shown in Fig. 3(d), with increasing Gd
thickness, the perovskite lattice parameter increases, which
is consistent with the incorporation of an increasing concen-
tration of randomly distributed oxygen vacancies and agrees
with the trend observed in parallel-beam θ/2θ measurements
[Fig. 1(b)]. Here we note that while the BM phase and LSAT
substrate reflections are close to each other in a sample-
averaged XRD pattern, by locally measuring θ/2θ scans over
the BM phase, we were able to isolate the (008)bm reflection
from the substrate as shown in Fig. 3(d), which allowed pre-
cise calculation of the BM lattice parameters discussed above.
In order to depict the local changes in the lattice parameter
of the perovskite-rich phase, we calculated c-axis variation
maps for the LSCO/Gd (3 nm) heterostructure as shown in
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FIG. 3. Comparison of LSCO/Gd heterostruc-
tures: Nanodiffraction maps of the integrated
intensity of the (002)p Bragg reflection for
LSCO/Gd heterostructures with Gd thicknesses of
(a) 0 nm, (b) 0.5 nm, and (c) 3 nm. The yellow
regions represent the perovskite-rich phase and
red/brown regions indicate BM-rich phase. (d) Lo-
cal θ -2θ scans from the regions indicated in panels
(a), (b), and (c) which allow for the determination
of the local lattice parameter for each phase as
discussed in the text. The open symbols represent
measurements on the BM phase, while closed
symbols represent the perovskite phase. A varia-
tion in local lattice parameter for the BM phase
within a given sample is observed as shown for
two BM regions in (c), and within the perovskite
phase between samples due to the increase in
oxygen vacancy concentration as the Gd thickness
increases.
Figs. 4(a) and 4(b). The c-axis variation (c/c) is defined as
(cx,y − cref )/cref , where cx,y is local lattice parameter obtained
from nanodiffraction maps, and cref is the sample-averaged
lattice parameter for the perovskite phase calculated by
averaging the lattice parameter measured in all nanodiffrac-
tion scans for the sample. The average lattice parameters
obtained were 3.799 ± 0.002 Å, 3.802 ± 0.002 Å, and
3.811 ± 0.002 Å for the as-grown LSCO, LSCO/Gd (0.5 nm),
and LSCO/Gd (3 nm) heterostructures, respectively. The BM
phase is also highlighted in the figure and the local c-axis
variation for the residual perovskite phase in the BM-rich
region is plotted as well. Both maps reveal that the c-axis
variation for the perovskite phase switches from positive
to negative values on opposite sides of the BM filaments.
Figures 4(c) and 4(d) plot line scans adjacent to the BM phase
clearly showing this positive to negative reversal in c-axis
variation across the BM filament. This sign reversal of the c-
axis variation was present consistently in all regions with BM
filaments measured for the LSCO/Gd (3 nm) heterostructure.
Here we note that this sign reversal depicts the subtle local
changes in the lattice parameter of the perovskite phase, which
is already under the biaxial strain imposed by the substrate.
The fact that these extended filaments were prominently
observed for the LSCO/Gd (3 nm) heterostructure, and were
rarely observed in the LSCO/Gd (0.5 nm) heterostructure, as
well as their complete absence in the as-grown LSCO sample
suggests the presence of a critical local oxygen vacancy
concentration in order to achieve growth of long BM fila-
ments. Once the oxygen vacancy concentration exceeds this
threshold, small BM clusters grow to form long filaments as
observed in the LSCO/Gd (3 nm) heterostructure. A total of
seven filaments were measured spread over an approximately
200 × 200 μm2 region for the LSCO/Gd (3 nm) sample.
Four of the seven filaments were oriented at 50◦−60◦ from
the [100]p in-plane direction and the remaining three were
oriented at 10◦ from the [100]p in-plane direction. In the BM
structure, the oxygen vacancies are typically arranged within
the BO layer resulting in chains of vacancies parallel to the
[110]p direction of the perovskite lattice. This rearrangement
results in chains of apex-linked BO4 tetrahedra which also
are along the [110]p direction of the perovskite lattice. Dis-
tortions to these tetrahedral chains have been observed in
La(1−x)AxMnO2.5 as a function of composition and size of
cation with deviations in the range of 60◦−70◦ [40]. These
tetrahedral chain distortions as well as the fact that we are
imaging these vacancy channels in diffraction geometry, i.e.,
at an angle of about ∼20◦ from the sample, can explain the
observed orientation of for the BM filaments in the nanod-
iffraction maps. The presence of BM filaments with an orien-
tation of ∼10◦, however, is still puzzling and could potentially
imply much higher distortions of the emerging BM phase.
It is also noticeable that the BM phase grows to alleviate
the strain in the perovskite phase due to the consistent ob-
servation of a change in sign of c-axis variation across the
BM filament. Additionally, as discussed above, the perovskite
phase never completely transforms into the BM phase at
any given location and vice versa. Thus, even in the BM
filaments, a small amount of perovskite is present potentially
due to pinning of the perovskite phase by the LSAT substrate.
Similarly, for the perovskite phase, a small amount of BM
phase is always observed which potentially implies a complete
depletion of the oxygen in the top LSCO layer, resulting in
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FIG. 4. Local variation of the c-axis lattice parameter in the LSCO/Gd (3 nm) heterostructure: c-axis lattice parameter and c-axis variation
maps (c/c, as defined in the text) for the perovskite phase around two BM filaments in the LSCO/Gd (3 nm) heterostructure. These maps
show local changes in the c-axis lattice parameter and the c-axis variation of the perovskite phase for (a) a smaller 6 × 6 μm2 region shown in
Figure 3(c), and (b) a larger 80 × 80 μm2 region. The gray shading highlights the BM filaments. The c-axis variation of the residual perovskite
phase present in the BM filaments is also plotted. c-axis variation was calculated using a reference lattice parameter of 3.811 Å, which was
determined by averaging multiple nanodiffraction scans as described in text. (c) and (d) show line scans across the BM filament clearly showing
the reversal from positive to negative values for the c-axis variation. The dashed (solid) line refers to the calculated values for the perovskite
phase present in the BM-rich region (perovskite-rich regions).
the BM transformation at the LSCO/Gd interface throughout
the surface area of the LSCO film. These measurements thus
allow us to not only discern and image the phase separation
in LSCO/Gd heterostructures laterally, but also provide indi-
cation of phase separation across the thin film depth.
In summary, our x-ray nanodiffraction measurements shed
light on the structural transformation in LSCO heterostruc-
tures as a function of Gd getter layer thickness in a non-
destructive manner. This transformation proceeds by phase
separation, resulting in an evolution of the lateral distribution
of the perovskite and BM phases with Gd thickness. Phase
separation across the depth is also observed which could be
potentially due to pinning of the perovskite or BM phase
at the LSCO/substrate and LSCO/Gd interface, respectively.
Above a critical thickness of Gd layer (3 nm), long BM
filaments are observed due to ordering of oxygen vacancies
at 50◦−60◦ or 10◦ angles from the [100]p direction. The
emerging BM phase is highly distorted as observed by the
deviations of tetrahedral chains from the [110]p directions,
high mosaicity, and variations in lattice parameter of 0.04 Å.
The perovskite phase shows a change in the local c-axis
parameter on opposite sides of the BM filaments. These
measurements highlight local structural effects in LSCO/Gd
heterostructures and provide insights regarding nanoscale
strain behavior near phase boundaries. Manipulation of these
nanoscale heterogeneities, i.e., BM filaments, by varying get-
ter layer or electric field can provide a unique method to
tailor the electronic and ionic conductivity in an ionically
gated device. These nanoscale filaments can provide channels
across which oxygen ion conduction can occur without the
need of bulk structural transformation and thus will be more
energetically favorable. Reversible control of these filaments
will open new avenues of controlling anion conduction in
applications such as solid oxide fuel cells and magnetoionic
devices.
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